ABSTRACT: The use of climatological water balances in substitution to complete water balances directly measured in the field allows a more practical crop management, since the climatological water balances are based on data monitored as a routine. This study makes a comparison between these methods in terms of estimatives of evapotranspiration, soil water storage, soil available water, runoff losses, and drainage below root zone, during a two year period, taking as an example a coffee crop of the variety Catuaí, three to five years old. Climatological water balances based on the estimation of the evapotranspiration through the methods of Thornthwaite and Penman-Monteith, can reasonably substitute field measured balances, however underestimating the above mentioned variables.
INTRODUCTION
Water balances are the contabilization of water fluxes or quantities that enter or leave a chosen volume element of a cropped soil, during a period of time, resulting the net flux or quantity that remains available for plants, in this way estimating water deficits or excesses (Sentelhas & Angelocci, 2005) . This contabilization can be made through direct measurements of all components in the field (Reichardt & Timm, 2004) , or estimated from climatological data through the use of specific programs (Pereira et al., 2002) .
In order to standardize the evapotranspiration of a reference surface, the concept of reference evapotranspiration (ETo) was introduced, which corresponds to the loss of a hypotetical grass crop of low height (0.12 m), with a air-flow resistance of 70 s m -1 and an albedo of 0.23 (Allen et al., 1998) . Based on climatological data, the method of Thornthwaite (1948) was developed to estimate ETo, also called potential evapotranspiration, using air temperature as the main parameter. Today the most indicated method to estimate ETo is that of Penman-Monteith, parameterized by FAO, and that of the Class A pan, due to its simplicity (Allen et al., 1998) . A crop coefficient (Kc) is used to trans-form the grass ETo into the crop potential evapotranspiration (ETc), which is a function of the phenological phases of the crop, crop species and variety, plant architecture and leaf area. Pereira (1986) used with success the climatologic water balance to study maximum and minimum soil water storages for a podzolic soil of the São Paulo State, in Brazil. Souza et al. (2002) made an analysis of the climatologic water balance simulation for the coffee crop, irrigated under different management conditions in Lavras, MG, Brazil. They employed an economic risk analysis model applied to irrigation project planning, called MORETTI, and its objectives consisted in evaluating the best choices of the model to estimate evapotranspiration and soil water storage. Meireles et al. (2003) characterized water excess and deficiency periods using a serial or sequential water balance, applied to a coffee crop of Mococa, SP, Brazil, one of the main Coffeea arabica producing regions. Brunini et al. (2003) adapted and converted the Thornthwaite & Mather method to monitor the agrometeorological conditions of the coffee crop, including diverse soil and climate conditions.
Since the direct establishment of water balances is time consuming, experimentally difficult and costly, and climatologic simulations are simple and allow extrapolations to other situations (Faria & Chibana, 2003; Souza et al., 2002) , this study is a comparison between a well measured and complete coffee field water balance, and sequential climatologic water balances.
MATERIAL AND METHODS

Field Water Balance
This type of water balance, here called Bal C, uses the classical mass conservation law (Reichardt & Timm, 2004) in which the water flux densities (mm day -1 ) entering and leaving a control volume determine its changes in soil water storage, when integrated over a time period (t i+14 -t i ) = Δt = 14 days: where "p" is the rainfall intensity, "i" the irrigation rate, "e" the evapotranspiration rate, "r" the runoff rate, "q L " the soil water fluxes at the lower boundary (z=L), "θ " the volumetric soil water content (m 3 m -3 ), and "z" the vertical position coordinate. Solving the integrals of eq (1) in relation to time, we obtain:
where all the units of the integrated components are given in mm: P the rainfall; I the irrigation; ER the actual evapotranspiration; RO the runoff; Q L the drainage or upward flow contribution at the lower boundary of the control volume; S the soil water storage of the 0 -L soil layer al t i and t i+14 :
Equation (2) was applied to data of five replicates of direct field measurements of all components, leaving the actual evapotranspiration ER as an unknown (Silva et al., 2006) . Reference evapotranspiration ETo was estimated through the Penman-Monteith method FAO -1998 cited by Pereira et al. (2002) and the maximum evapotranspiration of the crop was obtained through the use of a crop coefficient estimated in the same experiment. Rainfall and irrigation were measured with "Ville de Paris" raingages; soil water storage was calculated through the trapezoidal method, for the 1 m soil layer (L = 1 m), using neutron probe soil moisture valuations; runoff was measured on 12 m 2 framed sub-plots, colleting the surface water flow by gravity in 200 L tanks located down slope; and the soil water fluxes at the lower boundary were calculated through the Darcy-Buckingham approach using a K (θ) relation obtained in the same field (Silva et al., 2007) and hydraulic gradients measured through tensiometers installed in the soil profile.
Crop Climatological Water Balances
These were obtained using computational programs (Rolim & Sentelhas, 2006) , which are based on the methods of Thornthwaite & Mather (1955) and Penman-Montheith (Allen et al., 1998 ) that estimate soil water storages using mainly climate and soil physical characteristics information. The one based on Thornthwaite is here called Bal T and the other, based on Penman-Monteith, Bal PM.
These balances follow a simplified balance equation:
where ΔARM is the change in soil water storage (mm) and refers to a 1 m soil layer. The sign of ΔARM indicates water deficit when negative and water excess when positive. When ΔARM is negative, the deep drainage (DP) is zero, and when positive it includes runoff and DP. P is the rainfall (mm) + irrigation (mm); ETc is the maximum (or potential) crop evapotranspiration (mm); DP is the drainage below root zone (mm). The program that also allows the estimation of soil water extraction and reposition, requires input data for Bal T as follows: 1 st ) available soil water capacity (ASWC):
where "S FC " is the soil water storage at field capacity and "S PWP " at permanent wilting point, both in mm for the 1 m soil layer; 2 nd ) The soil water storage prior to the start of the calculations, given by the difference between "S i " of eq (3) for i = 1, and "S PWP "; 3 rd ) the local latitude; 4 th ) the year; 5 th ) "NDY" that corresponds to the number of the day of the year at which the balance begins; 6 th ) the heat index "I" and "a", from the cubic function of "I" of Thornthwaite & Mather; 7 th ) the number of days that the balance covers, i. e., "Δt" of eq (1) and (2) 
Balance comparison
To compare the balances, they were applied for the same crop at the same location. Data for the 50 Bal C of 14 days each, were collected and analyzed by Silva (2005) , and also used to estimate Bal T and Bal PM, using temperature, relative humidity and wind speed recorded by an automatic weather-station located 200 m from the experimental site (Climapiracicaba, 2006) .
Water balances were calculated for a coffee crop (Coffea arabica L.), variety Catuaí, line IAC-144, starting at its second year of age, grown in Piracicaba, SP, Brazil (22°42' S; 47°38' W, 580 m above sea level) on a Rhodic Kandiudalf, locally called "Nitossolo Vermelho Eutroférrico" (Embrapa, 1999) . They started on September 01, 2003 and continued in periods of 14 days, during two years. At the beginning plants were 1.2 m tall, having 100% of their root system within the control volume of 1.0 m depth. At the end plants reached 2.0 m and more than 98% of the root system was still within this volume. The climate at Piracicaba is of the "Cwa" type according to Köppen, called "tropical highland", mesothermic with dry winter, average temperature of the coldest month below 18 o C and that of the warmest month below 22 o C. Long term yearly averages are: rainfall 1,247 mm; air temperature 21.1 o C; relative humidity 74%. The dry season occurs between April and September, July being the driest month, its rainfall not exceeding 30 mm (Villa Nova, 1989) .
To compare Bal C with Bal T and Bal PM, obtained through equations (2) 
RESULTS AND DISCUSSION
Due to methodological differences, mainly with respect to the evaluation of the actual evapotranspiration (ER and ETR) and to the way by which water extraction is calculated, the results are expected not to be similar. For Bal T and Bal PM the soil water storage as a function of time t, for a given available water capacity, is exponentially related to the negative difference ETP -P, while for Bal C it is directly measured in the field. Even though the comparison was made, in order to satisfy the objective of this study since it would be very advantageous to replace the more difficult field evapotranspiration measurement by the straight forward climatological methods. Figure 1 shows the 50 fourteen day balances evolution of the coffee actual evapotranspiration evaluated through the (Figure 2 ), both with significant R 2 values at the level of 1% through the F test, evidence the superiority of Bal PM in relation to Bal T in the estimation of the evapotranspiration evaluated by Bal C. The regression equations have slopes less than 1.0 and positive intercepts, indicating values of ER always higher than ETR. At the end of the first year (balance 25) the balances sheets show that the accumulated evapotranspirations of the three methods were 1,269 mm (Bal C); 1,083 mm (Bal PM); and 1,009 mm (Bal T), with differences of the last two in relation to Bal C of 186 and 260 mm, respectively, showing that the field measured evapotranspiration ER was underestimated by 14.7 and 20.5 % by Bal PM and Bal T, respectively. For the second year (balances 26 to 50), these numbers were 1,162; 1,060; and 1,052 mm, with differences of 8.8 and 9.5%, respectively. Over the two year period the differences were 12 and 15%, respectively.
In relation to the changes of soil water storage at the end of each 14 days period, S i+14 -S i for Bal C and ΔARM (or ALT) for Bal T and Bal PM, differences between methods were also observed (Figure 3 ) but, in a general way, they follow each other, with a superiority of Bal PM in relation to Bal T. These differences are explained by the fact that ΔARM is the result of several operations carried out by the computacional program, which include the evapotranspiration, and that each balance "i" depends on the previous one, in a sequential form. Due to this, the linear regressions between their values (Figure 4 ) had relatively low values of R 2 , however significant at 1% by the F test. The equation, with slopes less than 1.0 and intercepts close to zero, also shows a larger variability of ΔS as compared to ΔARM. With larger evapotranspiration values estimated by Bal C, the larger values of ΔS in relation to ΔARM are a simple consequence.
The amount of available soil water ASW at the end of each balance ( Figure 5 ) shows a relative discrepancy among the methods, and their comparison through linear regressions (Figure 6 ) also presented significant R 2 values, however relatively low. The slopes of the regressions are close to 1.0, indicating that the changes of both are similar. They however, have different intercepts, 18.7 for Bal PM and 36.7 for Bal T, which result in higher values of Bal T and Bal PM in relation to Bal C. Up to balance 11 there was a very good agreement between Bal T and Bal C, with a slight under-estimation of Bal PM. Balance number
Soil water storage changes After this balance, the available water of Bal T was always overestimated by Bal PM and much more in relation to the direct measurement of Bal C. At this time the coffee plants were more developed, with a greater water demand. For Bal T, with a smaller ETR, the available water reached several times the maximum value of 150 mm, while for Bal C, after balance 11, the available water never more reached the maximum. For Bal PM, the estimate always got more close to Bal C, however always with an overestimation of Bal PM in relation to Bal C. It can therefore be said that the estimation of available water or soil water deficits through Bal T is problematic and much better through Bal PM.
The comparison of EXC in Bal T and Bal PM with the sum RO+QL of Bal C is presented in Figure  7 with practically identical linear regressions, also with significative R 2 , but with individual values varying considerably. In the case of Bal C, both RO and QL are difficult to be measured. In our experiment, with the coffee plants planted along contour-lines (10% slope) on a shallow furrow and leaving dead leaf mulch below canopy, runoff was very well controlled and amounted to only 5.5 mm the first year and 0.8 mm the second, with an average of 0.3% of the total rainfall, for both years. Therefore, the losses estimated through Bal C were practically accounted to QL, a difficult component to be measured due to the spatial variability of the soil K(q) relation. The estimation of QL using the Darcy-Buckingham approach is discussed elsewhere (Silva et al., 2007) . For Bal T and Bal PM, the EXC is simply calculated from the difference missing to close the balance. For the two years, the sum (RO+QL) and EXC presented differences of 87 and 38 mm, respectively, in favor to (RO+QL) indicating that Bal T and Bal PM also underestimated these components. This fact becomes more relevant when water balances are performed to estimate runoff, erosion and leaching losses of fertilizers.
CONCLUSION
Sequential climatologic water balances, based on evapotranspiration estimated by the methods of Thornthwaite and Penman-Monteith, reasonably substituted water balances directly measured in a coffee field. The climatological methods underestimated actual evapotranspiration and soil water storage changes, with a better performance of Penman-Monteith in relation to Thornthwaite. As a consequence, the available water measured in the field was always below estimated values. These climatologic balances also under estimated water excess, therefore indicating less drainage below root zone and smaller possibility of nutrient leaching.
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